During active and passive (driven by a torque motor) flexion and extension of the right elbow, regional cerebral blood flow (rCBF) was measured in six healthy, male volunteers using positron emission tomography and the standard H 2 15 O injection technique. During active as well as during passive movements of the right elbow there were strong increases in rCBF, identical in location, amount, and extent in the contralateral sensorimotor cortex. There were activations during both conditions in the supplementary motor area (stronger and more inferior in the active condition) and inferior parietal cortex (on the convexity during active movements and in the depth of the central sulcus during passive movements). During active movements only, activations of the basal ganglia and the cingulate gyrus were found. Brain activations during motor tasks are largely related to the processing of afferent information. r
INTRODUCTION
Motor tasks lead to the most robust and significant increases in signal in the cerebral cortex during positron emission tomography (PET) activation studies (Colebatch et al., 1991; Grafton et al., 1993; Chollet et al., 1991; Weiller et al., 1992; Rijntjes et al., 1994; Sanes et al., 1995) . The signal change is mainly attributed to the very large pyramidal cells (Betz cells) in layer V of area 4 in the precentral gyrus (Colebatch et al., 1991) ; however, the relative contribution of sensory afferents through touch and proprioreceptive feedback elicited by the movement is uncertain. To segregate the efferent motor from the afferent sensory component of a voluntary movement a study was designed, in which we compared identical movements of the right elbow in healthy volunteers, either voluntary through innervation of the muscles or passively driven by a torque motor. This design would also tell us about the brain representation of passive movements itself, which is unknown in humans.
METHODS
We studied six healthy, right-handed male volunteers (mean age 31 years, range 25-45 years) without any history of neurological or psychiatric disease and free of any medication. All subjects gave written informed consent prior to the examination. The study was approved by the Ethics Committee of the University of Essen.
The subject's right arm was positioned in a guide hinge, to which a torque motor was connected during the passive condition. The hinge allowed movements only in one plane, coinciding with flexion and extension of the elbow. Active and passive movements were performed with the same constant amplitude, determined by the hinge, which approached 90°but avoided a fully stretched or completely flexed elbow. The frequency was one complete movement (flexion and extension) in 2 s. In the passive condition the frequency was determined by the velocity of the torque motor. In the active condition it was paced by a metronome. The metronome was left on during passive movements and at rest as well. The subjects were instructed in the task about half an hour before scanning. To exclude voluntary movement during the passive condition, muscle activity was monitored by electromyography using surface electrodes on biceps and triceps muscles (Fig. 1) .
Twelve consecutive measurements of regional cerebral blood flow (rCBF) were performed under three conditions in balanced order (ABCCBA ACBBCA) with the eyes closed: (A) ''rest,'' (B) passive flexion and extension of the right elbow, and (C) active flexion and extension of the right elbow. The regional cerebral blood flow was measured using the standard H 2 15 O injection technique (5 ml physiological sodium chloride solution with maximum 700 MBq per application over 60 s) with an ECAT 953-15 PET scanner (CTI, Inc., Knoxville, TN) over 90 s starting shortly before the rise of the head curve. After attenuation correction (using a transmission scan) the data were reconstructed into 15 transaxial planes by filtered back projection with a Hanning filter with cutoff frequency of 0.5 cycles per pixel (1.96-mm pixel size), resulting in a FWHM resolution of 8 mm in the reconstructed image . The integrated counts accumulated were used as an index of rCBF (Fox and Mintun, 1989) , which in turn reflects synaptic neuronal activity (Jueptner and Weiller, 1995) . The assessment of significant rCBF change was performed using statistical parametric mapping (SPM, London, UK). The scans were realigned to each other (Woods et al., 1992) , filtered (low-pass Gaussian filter; 20 3 20 3 12 mm at FWHM) and transformed into the standard stereotactic anatomical space, corresponding to the atlas of Tailarach and Tournoux (1988; Friston et al., 1991 Friston et al., , 1995 . As the intercommissural line and the landmarks for the stereotactic fit were not included in every case we used the following procedure. A weighted mean of the anatomical, unsmoothed PET images after segmentation of extracerebral structures (scalp, skull, etc.) was coregistered with the corresponding anatomical, T1-weighted, segmented MRI of the same individual using automated image realignment (Woods et al., 1992) . The individual MRI was used to derive the transformation parameters for the stereotactic fit using the SPM package, which were then applied to the individual, single coregistered PET images. As the study was designed to examine relative regional changes of cerebral activity under different conditions, global flow differences were normalized voxel by voxel to a mean of 50 ml dl 21 min 21 by analysis of covariance with wholebrain activity as covariate (Friston et al., 1990) . Pixel by pixel comparison using the t statistics and the general linear model revealed differences between conditions (active-rest, passive-rest, active-passive, and passive-active). Significant differences were assumed at P , 0.05, corrected for multiple comparisons (Friston et al., 1995) . Because of the restricted field of view of our camera we scanned only the upper part of the brain. In effect, data were available for all subjects from 18 to 156 mm above the ACPC line in the stereotactic space. The group MRI served as template onto which the average PET data were superimposed for anatomical localizations of activations.
RESULTS
During active elbow movements, compared with rest, there were strong increases in blood flow in contralateral sensorimotor cortex, supplementary motor area (SMA), and cingulate gyrus, and bilaterally in inferior parietal lobe and in the basal ganglia (Fig. 2) . During passive movements, compared with rest, contralateral sensorimotor cortex, supplementary motor area, and bilaterally the inferior parietal lobe were activated (Fig. 2) .
When active movement was compared with passive movement, significant rCBF increases were found in the inferior SMA and the dorsal anterior cingulate gyrus (32-40 mm above the intercommissural line; maximum at 22/14/140 mm), the precuneus (118/260/ 120 mm), and bilaterally in the posterior part of the putamen (124/215/12 and 226/220/12 mm). When the FIG. 1. EMG recordings from the biceps and the triceps muscles during (right) passive or (left) active flexion and extension of the right elbow in one of the six subjects. EMG activity was recorded using surface electrodes (10 Hz-1 kHz filter; sensitivity 100 mV). No muscular activity was detected during passive movements. Arrows indicate artifacts induced by the torque motor.
passive condition was compared with the active condition, activation was found bilaterally in the depth of the sylvian fissure, corresponding to SII (Fig. 3) .
Activation in contralateral sensorimotor cortex was almost identical in magnitude, extent, and location during both passive and active movements. The focus of maximum rCBF increase was on the posterior bank of the central sulcus in both conditions (147, 214, 152 mm in the Tailarach space during passive movements and 150, 215, 152 mm during active movements).
Activation of SMA was found between 48 and 56 mm above the intercommissural line during both conditions. The rCBF increase during active movement was significantly stronger than during passive movement and the focus of maximum activation was more inferior (10, 24, 152 mm) than during passive movements
FIG. 2.
Areas of significant increase of rCBF (white) during active (top) or passive (bottom) movements of the right elbow in a group of six normal subjects superimposed on a group MRI after stereotactic normalization. The right side of the image corresponds to the left side of the brain. Both conditions are compared with the rest condition. Pixels significant at P , 0.05, corrected for multiple comparisons are displayed. The numbers refer to the distance in millimeters with respect to the intercomissural line, which is at 0 mm.
FIG. 3.
Areas of significant increase of rCBF (red) when passive movements are compared with active movements. Pixels significant at P , 0.05, corrected for multiple comparisons are displayed. The numbers refer to the convention of the Talarach space (Talairach and Tournoux, 1988) .
(16, 214, 156 mm) and extended into the adjacent anterior cingulate gyrus.
There was strong bilateral activation in the inferior parietal lobe under both conditions, stronger in the passive condition. The maximum of rCBF increase during active movements was found on the convexity (156, 220, 16 rsp. 252/220/16 mm), corresponding to Brodmann area 40. During passive movement the area of highest significance was centered within the upper bank of the sylvian fissure, corresponding to SII (142/ 232/120 rsp. 243/234/120 mm).
DISCUSSION
Activation was almost identical in location and amount in the primary sensorimotor cortex during both passive and active movements. This result may seem surprising in view of the profound difference between an active, voluntary, or a passive movement. The active movement includes a voluntary aspect, expected to be mainly associated with an increase in activity of the cells of area 4 in the precentral gyrus and a somatosensory component due to proprioreceptive feedback and exteroreceptive sensory afferents, expected to effect increases in blood flow in the postcentral gyrus (Fox et al., 1985; Colebatch et al., 1991; Passingham, 1993; Kaas, 1990; Seitz et al., 1991) . Passive movement, on the other hand is expected to consist of only the somatosensory components of the task and thus of a postcentral gyrus activation. However, the maximum of rCBF increases during the two tasks coincided within few millimeters in the postcentral gyrus. It could be argued that the spatial resolution of the rCBF measurement is insufficient to differentiate between pre-and postcentral activation. The effective spatial resolution of the z maps when using the ''standard'' smoothing kernel (20 3 20 3 12 mm) is greater than the distance between pre-and postcentral gyrus in the Talairach space (Talairach and Tournoux, 1988 ) (22.1 3 21.1 3 16.5 mm at FWHM). In a post hoc analysis to specifically address this question we used a series of smaller smoothing kernels (15 3 15 3 9 and 8 3 8 3 6 mm at FWHM), resulting in a different spatial resolution of the z maps (18.5 3 18.3 3 15.4 respectively 8.7 3 9.4 3 8.5 mm at FWHM), an approach which may be justified according to Poline and Mazoyer (1994) . Still no significant difference in the sensorimotor strip between both conditions was found and the maxima coincided within 2 mm. The magnitude of the adjusted rCBF increases and the activated area in the sensorimotor cortex were almost identical under both conditions, too, although a stronger increase in the active task may have been expected. Again, it could be argued that the difference in activation may have been too small to be detected. However, if there was a trend at all, it was toward stronger increase and a larger area during the passive movement. It must be concluded that activation of the sensorimotor cortex is almost identical in active and passive movements at least of the elbow and is located in the postcentral gyrus. This is in line with previous human PET studies. rCBF increases of the sensorimotor cortex cover pre-and postcentral gyrus during active motor tasks as well as during somatosensory discrimination tasks and those with vibration stimuli. The point of maximum significance was typically centered on the postcentral gyrus (Chollet et al., 1991; Grafton et al., 1991; Stephan et al., 1995; Seitz et al., 1991) . The same may hold true for fMRI (Yetkin et al., 1995) and movement-related EEG and MEG studies. The most stable and strongest field during movement (''motor-evoked field I'') is located in the postcentral gyrus (Woolsey et al., 1979; Kristeva-Feige et al., 1994) . Thus afferent synaptic activity seems to account for the major part of the PET signal in the primary sensorimotor cortex during active motor tasks. The signal in PET-rCBF activation studies is believed mainly to be due to synaptic activity (Jueptner and Weiller, 1995) . The synaptic activity of afferent axons in the postcentral gyrus and the forwarded connections to the precentral gyrus may cause the increase in rCBF. The metabolic activity of the somata of the M1-cells in the precentral gyrus may go undetected and their synaptic activity is outside the field of view.
Activation was not restricted to the postcentral gyrus only but covered both pre-and postcentral gyrus structures. These data point to a less strict segregation of sensorimotor functions between pre-and postcentral gyrus. Brain structures processing afferent information are intermingled with those processing motor output in both pre-and postcentral areas (Kaas, 1990; Friedman and Jones, 1981; Schell and Strick, 1984; Rothwell, 1994) . There is also a tight anatomical coupling between somatosensory input and motor output in the primary cortices. Afferent input is carefully related to the motor cortical output of that same region. If a muscle is passively stretched, the afferent input from the muscle spindles projects to that area of the cortex where it can excite cells which produce contraction of the same muscle (Rothwell, 1994; Evarts, 1981) .
The SMA was also activated during both the active and the passive movements. The rCBF increase, however, was significantly stronger during active movements and the focus of maximum activation was located more inferiorly and extended into the adjacent dorsal anterior cingulate cortex. These data support the idea of a segregation of motor functions within the medial wall of the hemispheres (Passingham, 1993) . The ventrocaudal area of the posterior SMA, behind the anterior commissure, together with the dorsal part of the cingulate cortex, seems closely related to motor output functions such as muscle force (Dettmers et al., 1995) , whereas the more rostral areas are involved in more complex aspects of motor function. The SMA and the cingulate motor areas possess complete somatotopic representations and their own direct corticospinal projections (Murray and Coulter, 1981; Hutchins et al., 1988; Dum and Strick, 1991) and somatosensory input (Muakkassa and Strick, 1979; Schell and Strick, 1984; Matelli et al., 1986; Dum and Strick, 1991) . The location of the ventral activation foci in relation to cingulate anatomy is similar to that observed by Paus et al. (1993) . Because of lack of histological evidence in humans, it is uncertain whether this functional area is a ventral part of SMA or a dorsal part of the cingulate area. Our data are similar to a recent PET study, in which imagined and actual movements activated most of the entire motor system; however, the rostral part of SMA was activated by imagining movements, whereas the caudal SMA and dorsal anterior cingulate cortex activation were additionally activated during the execution of the movement .
Activations of the basal ganglia were only found during active movements. These data are in line with animal experiments, which related neuronal activity of the basal ganglia to the selection of muscles, a function only useful in active movements (Mink and Thach, 1995a,b,c) . Although neural responses in the putamen of monkeys are found during passive movements, these are much weaker than during active movements (Crutcher and DeLong, 1984) . Moreover, somatosensory input to the basal ganglia is indirect via thalamocorticostriatal loops.
There was a dissociation between both tasks in the parietal cortex as well. The maximum of activation during the active condition was centered on the convexity, corresponding to rostral Brodmann area 40 (Brodmann, 1925; von Economo et al., 1928) , a supramodal integration area, which was found in many human PET studies during active finger or hand movements (Weiller et al., 1992 (Weiller et al., , 1993 Chollet et al., 1991; Rijntjes et al., 1994; Kew et al., 1993; Ceballos-Baumann et al., 1995) . During passive movements the focus of maximum activity was centered in the depth of the central sulcus, within the upper bank of the sylvian fissure, corresponding to SII. This area represents a relay area for sensation without any direct connections to the executive motor system (Mesulam and Mufson, 1985; Friedman et al., 1986; Kaas and Pons, 1988; Seitz et al., 1991) .
Afferent synaptic activity accounts for the major part of the PET signal in the primary sensorimotor cortices. There is a segregation of afferent somatosensory input and motor output function between rostral SMA on one side and caudal posterior SMA and dorsal cingulate cortex on the other and in secondary somatosensory cortices and the basal ganglia. The tight coupling between afferent somatosensory input motor output in the primary cortices may qualify passive movements as a pars pro toto for movement-related activations in PET studies. As the magnitude of change in signal in activation studies is dependent on the performance during the task (Price et al., 1992) , passive movements may serve as a useful performance-independent paradigm in the study of the reorganization of the brain in stroke patients (Weiller, 1995) who are unable to move their extremities.
